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Abstract

This report presents a model for the gasification of a liquid boron oxide droplet in high
temperature HIO/C/F environments. The model includes a detailed gas phase reaction mechanism,
multi-component molecular diffusion, and heterogeneous gas-surface reactions. The gas phase
reaction mechanism consists of 103 reversible reactions for H/O/C, B/H/O/C and B/H/O/C/F
combustion systems. The surface reactions include processes that are first order in gas phase
reactants and thermodynamically competitive with vaporization. Model results are presented that
illustrate the effect of variations in droplet diameter, gas phase temperature, composition, and
oxygen to fluorine mole ratio. In addition, the model calculations are analyzed with reaction flux
and gradient sensitivity analyses to determine the fastest and rate-limiting steps.

Model results for several calculations indicate that the addition of fluorine accelerates the
gasification process relative to B/H/IO/C systems. The degree of enhancement, however, depends
upon the temperature and composition of the surrounding gas and the diameter of the droplet.
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1.0 INTRODUCTION

Elemental boron has long been of interest as an advanced propellant because of its high
energy density. Recently, there has been an increased interest in particulate boron oxidation in
fluorine enriched environments. This is due. in part, to applications of difluoroamino/nitroamino
based oxidizers and new difluoroamino/azido oxetane hinders and solid boron in advanced
underwater explosives, new propellant formulations and solid propellant ignition systems. The
potential advantages of fluorine oxidation include elimination of condensed phase boron oxides and
oxyhydrides. as well as faster burn times. Additionally, fluorine has been found to enhance
boron's ignition characteristics in oxygen environments by promoting gasification of the
ubiquitous oxide layer.

Considering molecular oxygen and molecular fluorine as oxidizers, it is also interesting to
note (see Table 1) that the heat of reaction in forming gaseous BF3 is higher or comparable to the
energy released in oxidation to liquid B203. The latter is difficult to achieve within typical
residence times tý)r practical devices because of a kinetic bottleneck in the condensation process of
B203(g) to B203(0) through formation of the intermediate HBO2(g). 1.2 In mixtures consisting of
both fluorine and oxygen, the equilibrium boron product distribution shifts toward OBF.
Energetically. OBF formation is comparable to B203(0) based on a mass weighting of the fuel
only: however, its formation is less desirable when based on the total weights of fuel and oxidizer.
Heats of reaction will vary with different fluorinated/oxygenated oxidizers. Because the heat of
formation for HF is more exothermic than that for H20, the overall heat released from combined
B/O/H/C/F based systems will generally be competitive with B/O/H/C based systems.

Table 1. Heats of Oxidation and Fluorination
Reaction KJ/gm of fuel KJ/in of fuel +

I oxidizer

B(s) + 3/402(r) --- > 1/2W203(0) 59 18
(s) + 3/2F2(g) --- > BF3(g) 105 17
(s) + 1/202(g) + l/2F2(g) ---> OBF(g) 56 13

The extent to which the thermodynamic potential of boron/fluorine systems is realized
ultimately depends on the combustion kinetics. The goal of the present work is to develop a kinetic
model for boron combustion that can be used in helping to identify critical parameters and, in
conjunction with experimental studies, to better understand combustion mechanisms. Since
particulate boron combustion is a complex multistep process involving both heterogeneous and
homogeneous chemical kinetics, this is an inherently mutiphased task. Under an earlier project
sponsored by the Air Force Office of Scientific Research models were developed for the
homogeneousl-3 and heterogeneous 3-5 kinetics associated with particulate boron in post-
hydrocarbon combustion gases. The heterogeneous processes treated included both the high



temperature surface burning ola relauvelv hclean' boron particle 4 and chemricallv facilitated

gasification of the boron oxide coaung 5 . The overall goal of the present Office of Naval Research
effort is to extend the model for B/H/O/C combustion systems to in.clude fluorine chenisn.- The
specific oblecuves are to characterize the general mechanistic behavior of these systems, to ideniUly
the most important gas-phase reaction pathways and. hence. to determine the reaction rate
parameters whose experimental and theoretical evaluauon would significantlv enhance current
predictive capabilities.

Initial work extended the earlier gas-phase oxidation model for B/O/H/C combustion

svstems1- 3 to include fluorine chemistry6 . It included a description of a reaction mechanism for
high temperature B/H/O/C/F combustion systems. the results of kinetic calculations illustrating the
mechanistic behavior of these systems, and an analysis of the dominate reaction fluxes and ke,
reaction pathways. Here we formulate models for the heterogeneous gas-surface kinetics. The
study specifically treats the gasification of a liquid boron oxide droplet. However. a preliminar.
summary of the surface kinetics model for oxidation of a solid boron particle is also reported for
completeness. However, the latter model has not been extensively studied and only serves as the
starting point for more detailed analysis.

The remainder of this report is organized as follows. Section 2.0 presents an overview of
the single particle combustion model and summarizes the governing equations for gasificauon of a
liquid boron oxide droplet. Section 3.0 reviews the gas phase oxidation model. Section 4.0
describes the heterogeneous B203 gasification kinetics model. Section 5.0 presents model results.

Section 6.0 summarizes the work to date and describes further research efforts. All technical
references are listed in Section 7.0. Appendix A contains a complete listing of the gas phase
oxidation mechanism. Appendix B lists the preliminary heterogeneous (gas-surface) reacuon
mechanism for solid boron in HIO/C/F combustion environments.



2.0 SPHERICAL PARTICLE COMBUSTION N1ODEL

2. i Model Overview

The spherical parti, -.ombustion model treats the combustion ot a spherical (I -
dimensional) particle 'n ,ri.ot quiescent oxidizing environment. The key processes are shown
schematically in Figure 1.

Liquid Boron Oxide or
Solid Boron Particle

Heterogeneous (gas-surface) Kinetics

Stefan iHomogeneous (gas-gas) Kinetics
Flux and Multicomponent Diffusion

Gas Phase Boundary Layer

Figure 1. Schematic of Spherical Particle Combustion in Reactive Environments.
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The present report summarizes a numerical model and analysis for the chemically lacilitated
gasitficaton otfa liquid boron oxide droplet in a high temperature quiescent environment consisting
of post combustion gases containing fluorine. The physical model is that of a liquid boron oxide
droplet instantaneously placed in a quiescent high temperature oxidizing environment consisting o1
equilibrium products of lluonnated derivauve of HMX and TMETN binder!) The elfects of
temperature. mixture composition, and droplet diameter on the gasification rate are reported. The
numerical model and solution procedure have been descnbed in detail elsewhere 7 and are only
briefly described here. The calculations were perlormed under quasi-steady conditions in which
the droplet diameter was held fixed in utme and under transient conditions in which the droplet
diameter was allowed to regress.

2.2 Governing Equations

The low Mach number gas-phase flow is described as an ideal gas with elementary detailed
kinetics and multi-component mass and thermal diffusion. The assumption of isobaric flow
applies and the momentum equation is satisfied trivially by the Stefan flow away from the pardcle
surtace. The assumptions employed here include: (I) negligible viscous dissipation, (2) no
buoyancy eflect,, (3) no forced convection on the particle, and (4) no Dulour eflects. The range
ot ambient pressures to be studied by the model are limited to those for which the ideal gas
equation of state and kinetics are valid. Thus, the boundary separating the condensed-phase from
the gas-phase will be treated as a discrete interface.

The equations governing the gas-phase are:

rap, +L I pb) ý 0-- + - -- r .v.)= () (I)

ý)r ar2~

d }) I', 1 2) (r2)•
+ -A r YPk• e*) - kWxk = () (k=l ...... G) (2)

at r2 dr

_T) FTe I o) 2. GT• aT
AKpg -a + PIKPg'ar 2r :(r /5.---) + I drk V. pp,

r k= I

+ I Wýd.gkl'~.k = (3)
k=1

p RT, (4)

In these equations. r denotes the spatial radial coordinate: t. the time: pg. the mass density
of the gas-phase: vg, the radial velocity of the gas-phase: Ytk, the mass fraction of the kth gas-



phase species: Vgk, the diffusion velocity o, le kth gas-phase species: ock , the molar production
rate by chemical reaction of the kth gas-phase species per unit volume: lWgqk. the molecular weight
of the kth gas-phase species: WT the mean iaolecular weight of the gas-phase mixture: Cps. the
constant pressure heat capacity of the gas-phase mixture: Lpgk. the constant pressure heat capacity

of the kth gas-phase species: Tý, the gas-phase temperature: Ag, the thermal conductivity of the
gas-phase mixture: hgk, the specific enthalpy of the kth gas-phase species: p. the pressure: R. the
universal gas constant: and G. the number of gas-phase species.

The interfacial conditions at the liquid-phase/gas-phase boundary (1g) for t 0 J are:

r = ro (5)

=I (6)

aDl.k + Wiegk = y•+01x + Vek), (k=l ....... G) (7)

G

C- 9 = 01 ' (8)

I~ ' k + gk)k= ) (9)
kk=l;1,8T• A•TI o~lX;(il, hk. + e0/lgh-k} (9)

k=l

In these equations, the elements of (Ok include both the processes of vaporization and condensation
and of solution and dissolution. Hence, hk includes both the enthalpies of solution and the heats of
vaporization.

The outer boundary condition for t > 0 is:

r -> (10)

lira rk = Y"k., (k= ....... G()
r -- ) oo

lim T' = Tg_ (12)

r --- ) oo

The initial conditions for the gas and liquid/gas interface are:

ri. < r < oo. [T9]1=0 = TVO* [Ygk],=o = },k-o, (k=1 ....... G) (13)

() < r < rig, [TI]t=( = TO (14)

6



r = r1R, [Cigk~j=o = CIgko, (k= I ....... LG) (15)

In these equations, Clgk denotes the number per unit surface area of the kth surface complex at the
liquid/gas interface.

7



3.0 GAS PHASE KINETICS

This section briefly reviews the model being used to treat the gas phase kinetics. More
complete discussions are given in References 1-3 for B/H/O/C systems and in Reference 6 for
B/H/O/C/F systems.

3.1 Gas Phase Reactants

The reactants included in the gas phase oxidation model are listed in Table 2. They include
the dominant speciation in post-hydrocarbon combustion environments (H/O/C), boron oxides and
oxyhydrides that are important intermediates and products in boron assisted hydrocarbon
combustion (B/H/O/C), and the additional boron fluorides and oxyfluorides that arise when
fluorine is included in the system (B/H/O/C/F).

Table 2. B/H/O/C/F Gas Phase Species List*

HIO/C B/H/IO/C B/H/O/C/F

H B F
O BO HF

OH B02 BF
H20 B202 BF2
H2 B203 BF3
02 HBO OBF

CO HOBO
C02
H02
H202
HCO

* H02, H202 and HCO are used only in describing R/O/C chemistry.

The reactant list in Table 2 is not intended to suggest that these will be the only species of
importance for an arbitrary propellant formulation. Rather, these reactants were selected based on
equilibrium analyses of specific propellant formulations and a given range of combustion
temperature and pressure. The boron containing species in Table 2 were typically found to be
dominant (largest equilibrium mole fraction) for the temperatures of interest and for a range of
boron to oxidizer mass ratios. Notable species which are not included are the oxide B20. the HBO
isomer HOB and boron hydrides BH and BH2. Additionally, the species H02, H202 and HCO

are treated only within the kinetic mechanism for H/O/C systems. Reactions between these species
and boron species have not been included. An expanded gas phase model for BH/IO/C systems
which includes HCO reactions, as well as HOB and boron hydride has been reported bv
Pasternak. 8

8



Heats of formation and entropies for gas phase species are listed in Table 3. The heat of
formation for HBO is from Page9 . Similar values have been reported by other workers. 1() The
heat of formation for H02 is from Hills and Howard1 1. Thermochemical constants for the
remaining species are from the JANNAF Tables 12 .

Table 3. B/O/H/C/F Thermochemical Parameters*

Species AHf.298 S298 Cp,300 Cp,500 Cp,800 Cpi0() 2p,150()

H 52.10 27.39 4.97 4.97 4.97 4.97 4.97
0 59.56 38.47 5.23 5.08 5.02 5.00 4.98
OH 9.32 43.88 7.15 7.07 7.13 7.33 7.87
H2 .00 31.21 6.90 7.00 7.07 7.21 7.73

02 .00 49.01 7.01 7.44 8.07 8.35 8.72
H20 -57.80 45.10 8.00 8.44 9.22 9.87 11.26
H02 3.50 54.43 8.36 9.48 10.75 11.37 12.34

202 -32.53 55.66 10.41 12.34 14.29 15.21 16.85
CO -26.42 47.21 6.95 7.14 7.61 7.95 8.41
C02 -94.06 51.08 8.91 10.65 12.32 12.99 13.93
HCO 10.40 53.66 8.24 9.28 10.74 11.52 12.56
B 133.80 36.65 4.97 4.97 4.97 4.97 4.97
BO .00 48.60 7.00 7.39 7.86 8.11 8.53
B02 -68.00 54.90 2.54 13.05 13.64 13.94 14.43
B202 -108.99 57.96 15.79 16.80 18.00 18.61 19.65
B203 -199.80 67.80 19.19 20.52 22.09 22.90 24.26
HBO -60.00 48.40I 9.38 10.42 11.66 12.31 13.42

B02 -133.99 57.27 11.95 13.34 15.01 15.89 17.47
18.86 37.92 5.25 5.19 5.12 5.08 5.02

F -27.70 47.89 7.65 7.93 8.28 8.46 8.77
F2 141.0() 59.05 11.73 12.21 12.76 13.03 13.48
F3 -271.42 60.77 15.65 16.54 17.59 18.12 18.99
BF 143.99 53.70 11.69 12.34 13.12 13.51 14.18
F -65.14 41.51 6.36 6.62 6.98 7.20 7.67

2 .00 45.77 6.95 7.08 7.50 7.83 8.32
*units are Kcal/mol for AHf,298 and cal/mol-K for S and Cp

9 =MM



The heats of formation in Table 3 were used to compute the gas phase bond energies listed in Table
4. These are later used in estimating adsorption enthalpies for the gas phase reactants in Table 2 on
boron oxide surfaces.

Table 4. Gas Phase Bond Strengths

Bond Bond Order Bond Strength

(ev) (Kcal/mol)

F-H 1 5.91 136.2
F-B 1 7.83 180.5
F-BF 1 5.59 132.3
F-BF2 1 6.62 149.4
F-BO 1 7.06 163.0
HB=O 2 9.23 225.4
B=O 2 8.37 193.4
OBB--O 2 8.29 193.4
FB=O 2 7.62 175.8
HOB=O 2 7.51 173.6
OBOB=O 2 7.40 171.0
OB--O 1.5 5.51 127.6
OB-BO 1 4.73 109.0
HO-BO 1 6.22 143.3
OBO-BO 1 5.75 131.8
BO-B 1 4.80 110.8
H-BO 1 4.28 112.1
H-BH 1 4.77 109.9
H-B 1 3.48 80.1
H-0 1 4.38 102.3
R-OH 1 5.12 119.2

-OBO 1 5.00 118.1
-0 2 11.11 256.0

C-- __ _2 5.54 127.6

3.2 Gas Phase Reaction Mechanism

A complete listing of gas phase reaction mechanism is given in Appendix A. The tabulated
reaction enthalpies were computed from reactant and product heats of formation using the dat?
listed in Table 3. The reaction mechanism is limited to bimolecular and termolecular (three body)
reactions. Higher order reactions such as A + B + C = D + E were neglected. Additionally,
reaction channels resulting in products not listed in Table 2, e.g. boron hydrides, are excluded to
ensure consistency.

10



The portion of reaction mechanism describing the chemistry involving H/O/C species has
been extensi,,,"' used with good results to describe the kiiieucs ot CO/H2/02 mixtures. 13 Rate
parameters for the reactions involving boron containing species are highly uncertain. To date.
relevant laboratory studies have been limited to reactions between atomic B or BO with 02, C02
and H20O14-20 and to reactions between BF and he oxidants 02, 0 and NO2. 2 1-22 Rate parameters
for the remaining reactions have been estimated. For many of the boron fluoride and oxyfluoride
reactions, initial estimates were obtained from a propellant afterburning study23 . The remainder
were estimated using simple scaling relationships based on the ratios of translational, rotational.
and vibrational partition functions.

3.3 Mechanistic Behavior

An example of the homogeneous, constant pressure, adiabatic kinetics of a B/O/H/C/F
mixture is shown in Figure 2. Only the boron-containing species are given. The results show
OBF to be the dominant boron species. The mole fractions of HBO2 and B203 were typically less
than 0.02. Note that the temperature rise is associated with OBF formation and that all the other
boron-containing species appear to simultaneously form OBF. The rate of OBF formation was
found to be equal to or faster than HBO2 and B203 formation in mixtures without fluorine. 1,2

These results are typical of those found for mixtures with an oxygen/fluorine mole ratio near unity.
A more extensive analysis of model results for the gas phase chemistry is given in Reference 6.

3
CD

2 
T

o - OBBF
0 BFC,

8202 8 0
BF3

0
-8 -7 -6 -5

log (t/s)

Figure 2. Boron species and temperature profiles for an adiý, atic, corstant pressure (I atm)
homogeneous system with an initial temnerature of 2000 K. The initial mixture consisted of
X(BF)=O. 16. X(BF2)=O. I1, X(BO)=O.(0., A:Ez,.)2)=O.09, X(OBF)=0.03, X(CO),O.04,
X(H2)=0.04, X(O2)=X(H20)=X(HF)=X(N2)=O. 13.
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3.4 Critical Gas Phase Reactions

The most sensitive reactions are reported in Table 5. Most of these reactions are associated
with oxidation ol initial reactants to OBF. A few are associated with the relatively minor sequence
of BF conversion to BF2 and BF3, which was found to be significant only for O/F ratios much
less than one. The simultaneous formation of OBF by boron fluorides. boron oxides, and boron
oxyhydrides is in contrast to the sequential formation o1 B203 tound in systems without fluonne,
i.e., BO ---> BO2 ---> HBO2 ---> B203. It is important to note that the reactions designated as

most sensitive in Table 5 specifically refers to systems with both oxygen and fluorine. When
fluorine is absent the critical reactions differ from those in Table 5. In this case the earlier results
reported in References 1-3 are more applicable.

Table 5. Most Sensitive Gas Phase Reactions for B/HIO/C/F Systems
B/H/O/C/F Reactions F + H2 = HF + H

F + H20 + OH + HF
F + B202 =OBF+ BO
F + HBO = OBF + H

F + HBO2 = OBF + OH

BF+O=BO+F
BF + OH = OBF + H
BF + 02= OBF + O
BF+ B02 =OBF+ BO
BF2 + 0 = OBF + F
BF2 + H= BF + HF

BF2 + BO = OBF + BF
BF2 + HF= BF3 + H

BF2 + BF2 = BF3 + BF
BF3 + BO = BF2 + OBF

B/H/O/C Reactions BO + 02 = B02 + 0
BO-+ H2=HBO+H
BO + HBO2 = B203 + H
B202 + H = BO + HBO
B202 + O = BO + B02
B202 + OH = BO + HBO2
HBO + OH = BO + H20

HBO + OH = HBO2 + H

H/O/C Reactions H + 02 = 0 + OH
O+H2=H+OH

12



4.0 B203(0) SURFACE REACTIONS

A detailed description of the model for boron oxide gasification in B/H/O/C combustion
systems has been presented elsewhere 5. Here, that model is extended to include reactants
containing fluorine.

4. 1 Global Reactions

Global surface reactions involving gas phase reactants containing fluorine were selected
using the three criteria used in earlier work.5 The selection criteria are:

(i) reactions first order in gas phase reactants
(2) reactions whose reaction enthalpy is less than 110 Kcallmol
(3) reactions yielding gas phase products which are consistent with the gas phase oxidation model.

Based on these criteria, four additional reactions were identified. They are listed in Table 6 along
with three reactions previously used in modeling B203(0) gasification in B/H/O/C combustion
environments.

Table 6. Global Reactions: B203(0) + Z(g) = products

Reaction AHr,298

(Kcal/mol)

RI B203(0) + 0(g) = B02(g) + B02(g) 104.2

R2 B203(0) + OH(g) = B02(g) + HOBO(g) 88.3

R3 B1030() + H20(g) = HOBO(g) + HOBO(g) 89.4

R4 B203(1) + F(g) = B02(g) + OBF(g) 68.6

R5 B203(0) + F(g) ---> BO(g) + OBF(g) + 0(g) 96.2

R6 B203(1) + HF(g) = HOBO(g) + OBF(g) 86.7

V6 B203(0) + BF(g) = B202(g) + OBF(g) 74.3

Reactions R4 and R5 are the isoelectronic analogs of reactions R2 and R3. Isoelectronic analogs
of reaction R6,
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B203(0) + HBO(g) = B202(g) + HOBO AHr = 116.6 (16)

B203(0) + CO(g) = B202(g) + C02(g) AHr= 123.0m (17)

are not included because their reaction enthalpies exceeded 110 Kcal/mol. The model treats each of
the reactions in Table 6 as reversible. The discussion that follows describes adsorption and
desorption reaction steps for these reactions in the forward direction. The backward reactions are
treated by taking each 'elementary' reaction step to be reversible. A consequence of this is that the
model will include both first-order (with respect to surface complexes) and second-order
desorption processes.

4.2 Elementary Reaction Mechanism

4.2.1 First Order Adsorption and Desorption Channels

The global reactions in Table 6 have been represented by simple adsorption and desorption
reaction steps using the same model previously used to treat BIHIO/C systems. This consists of
following steps.

Step (1)

The B203 surface is taken to consist of chains of B03 units and reactive surface sites are
represented by:

O>B-O-B<O (18)

Step (2)

Adsorption of a gas phase species X-Y is taken to occur via bonding between the more
electronegative component (Y) to boron. Depending on the specific reactant, the more
electropositive component (X) may bond to oxygen.

X --- Y

I I
O>B-O-B<O + XY ---> O>B-O---B<o (19)

or

Y-X
I

O>B-O-B<o + XY ---> O>B-O---B<o (20)

We also allow the -O--B< and X--Y bonds to be broken during adsorption resulting in two
surface species:
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O>B-O---B<O ----- > O>B-O-X + O>B-Y (21)

One exception to the above description is when X is boron (e.g. BF). In this case, the
boron atom is taken to be inserted in the >B-O bond to give >B-B=O. This is the least
endothermic bonding configuration and is also consistent with B202(g) as a gas phase
product (Reaction R6).

Step (3)

Based on step (2), all adsorption products have the form O>B-Z. Desorption is then taken
to occur by breaking two B-O bonds and forming a B=O double bond. After extending the
B03 chain for clarity, bond cleavage and formation during desorption consists of the
following:

surface species bond cleavage bond formation

O>BO

>B-Z ---> O>B. + .O-B<O + O-B-Z ---> O>B-O-B<O + O=BZ (22)
O>BO

For simplicity, the process will be represented as O>B-Z ---> O=B-Z. Based on steps (2)
and (3), adsorption of gas phase reactant X-Y yields two surface species. The subsequent
desorption of both complexes removes one B203 molecule from the surface.

The above description is not presented as a postulated mechanism for the surface reactions
in Table 6. Rather, given our assumptions concerning the B203 surface structure. this model
gives a simple description of bond formation and cleavage required to yield gas phase products
which are consistent with the global reactions in Table 6. To illustrate this. the complete reaction
sequence for each reaction in Table 6 is given in Table 7 in terms of the adsorption and desorption
reaction steps.
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Table 7. Model Reaction Sequence for B203(0) Surface Reactions

ID Reactants Adsorption Desorption
Products Products

0

RI O>B-O-B<O +O ---> O>B-O--B<o ---> O>B-O. + O>B-O. ---> O=BO + O=BO

OH
I

R2 >B-O-B<o + OH ---> O>B-O--B<o ---> O>B-OH + O>B-O. ---> O=BOH + O=BO

H--OH
I I

R3 >B-O-B<o + H20 ---> O>B-O--B<o ---> O>B-OH + O>B-OH ---> 2 O=BOH

F
I

Rt40>B-O-B<O + F ---> O>B-O--B<o ---> O>B-O. + O>B-F ---> O=BO + O=BF

H--F
I I

R5 >B-0-B<o + HF ---> O>B-O--B<O ---> O>B-OH + O>B-F ---> O=B-OH + O=BF

B ---- F
I I

R6 >B-O-B<O + BF ---> O>B-O--B<O ---> O>B-BO + O>B-F ---> O=B-B=O + O=BF

To estimate adsorption enthalpies, bond energies for surface speciation have been estimated
using the gas phase bond energies in Table 4. These bond energies are listed in Table 8 along with
the gas phase bond energies for species with similar configurations. For D3 we have adopted the
gas phase O-H bond strength in HOBO. For >BB=O we have used the B=O bond strength in
B202. For the remaining complexes, the gas phase bond energies have been adjusted to refect
differences in boron's hybridization. One difference between the surface complexes and gas phase
species for D2, D4. D5 an D7 is the boron- oxygen double bond in the gas phase species (i.e.

O=B-Z) versus the two boron-oxygen single bonds for the complex (i.e. O>B-Z). Consequently.
in these cases the bond energies for surface complexes have been set equal to the gas phase bond
energies minus 10 Kcal/mol.
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Table 8. B203(1) Surface Species Bond Strengths

Surtace Complex Bond Strength Bond Strength Gas Phase Bond Strength
Bond (eV) (Kcal/mol) Bond (Kcai/mol

D! I >BO-B< 5.75 1 0.()
D2 0 >B-F 6.95 153.0 OB-F 163.0
D3 O>BO-H 5.00 118.1 OBO-H 118.1
D4 >B-OH 6.22 133.3 OB-OH 143.3

D5 O>B-BO 4.73 100.0() OB-BO 109.0

6 0 >BB=O 8.29 191.0 OBB=O 193.4

7 0>B-0. 5.51 117.0 ýB-O 127.0

Adsorption enthalpies and rate parameters for adsorption reactions are listed in Table 9. For
the adsorption rates we have assumed a rate constant given by

ka = ko'fTsoe (RT (23)

where

k KB 2 (24)

In Equation (23). Ea is the adsorption activation energy and so is the probability that a molecule
hitting the surface adsorbs. Rate parameters for adsorption of O(g). OH(g) and H20(g) were

estimated previously and are used here without any change. Anderson reports that his preliminary
results indicate the HF and H20 exhibit about the same reactivity with respect to B203 clusters.24

Consequently. H20 adsorption rate parameters have been adopted to describe HF adsorption.

Similarly. we will also assume that F(g) has the same rate parameters as OH(g).
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Table 9. First-order Adsorption Rate Parameters tor B203{1) Surtace

Adsorpuon Reaction E
B203(1) + Z(g) --- > adsorption products ka= k,-Ts,,c-J--a-I

AHf,298 k0  f • Ea
(Kcal/mol) ýCmn/s) I Kc-almol)

S-I >B-O-B<+O= >B-O.+>B-O. -17 91). .1 0(0)

S-2 >B-O-B< + OH = >B-O. + >B-OH -33 882. ()1 ().00

S-3 >B-O-B< + H20 = >B-OH + >B-OH -32 957. 005 0.()

S-4 >B-O-B< + F = >B-O. + >B-F -50 834. 1 ().00

S-5 >B-O-B< + HF = >B-OH + >B-F -32 813. 0.05 1().()

S-6 >B-O-B< + BF = >B-BO + >B-F -59 666. (). ()1 30.0

Desorption enthalpies are estimated using the product heats of formation Table 3 and the adsorption
enthalpies from Table 9. As an example. consider reactions R I-R3 in Table 2. i.e.

O>B-O-B<O + 0 ---> O>B-O. + O>B-O. ---> BO2 + BO2 (25)

O>B-O-B<o + OH ---> O>B-OH + O>B-O. ---> BO2 + HOBO (26)

O>B-O-B<o+ H20 ---> O>B-OH + O>B-OH ---> HOBO + HOBO (27)

From (9). the desorption enthalpy for >B-O. is 1/2[H I-Ha(O)I where HI is the reaction enthalpy
for the global reaction R I and Ha(O) is the adsorption reaction for O(g). Similarly, the desorption
enthalpy for >B-OH using (!1) is I/2[H3-Ha(H20)]. As a consistency check, the sum of the
desorption enthalpies for >B-O. and >B-OH should be close to H2-Ha(OH). A similar procedure
is used to estimate the desorption enthalpies for >B-F and >B-BO.

First order desorption rates are taken to have the form.

kI = A1 x exp(-E1/kT) (28)

The desorption coefficients A 1 are given approximately by the transition state frequency factor
kBT/h. As a first approximation, the desorption activation energies are taken to equal the



desorption enthalpies. A summary ot desorption enthalpies and rate parameters are civen in Table
10. The result of these estimations is that the desorpuon rates for the complexes >B-Z are largelv
independent o1 Z whereas, from Table 8. adsorption rates are dependent on the gas phase reactant.

Table 10. First-order Desorption Rate Parameters for B203(l) Surface

Desorption Reaction Forward Rate Parameters
kI = AIexp(-EI/RT'I

AHlI Al EI
(Kcal/mol) (ps" 1) (Kcal/mol

S-7 O>B-O = O=B-O 55.6 0.02 x T 55.6
-8 O>B-OH = O=B-OH 55.7 0.02 x T 55.7
-9 0 >B-F = O=B-F 56.0 0.02 x T 56.0

S-I() O>B-BO = O=B-BO 57.3 0.02 x T 57.3

4.2.2 Reversibility

It is necessary to ensure that the reactions describe above are reversible. For the global
reactions in Table 2 to be reversible, the adsorption reactions in Table 7 will also be considered
reversible. Thus the model also includes the second-order desorption reactions listed in Table 11.
Here again, we have taken a simple Arrhenius rate.

Table i 1. Second-order Desorption Rate Parameters for B203(1) Surface

No. Desorption Reaction Forward Rate Parameters
k2 = A2exp(-E2/RT)A2• E2

=(cm
2-/complex-s) (Kcal/mol)

-1l (I>B-O + O>B-O = B203() + O(g) 3.0 x l(,-5 5.
S-12 O>B-OH + O>B-O = B203(0) + OH(g) 3.0 x 1(1-5 5.

-13 0 >B-OH +O>B-OH = B203(0) + H20(g) 3.0 x 10-5 10.
S-14 0 >B-F + O>B-OH = B203(0) + F(g) 3.0 x i1)-5 5.
S-15 0 >B-F + O>B-OH = B203() + HF(g) 3.0 x !1)-5 1.
S-16 0 >B-F + O>B-BO = B203(0) + BF(g) 3.0 x 10-5 10.

From Table 2. the primary gas phase reactants are 0. OH. H20. F. HF and BF. The
subsequent gas phase products are B02, HOBO. OBF and B202. Thus. there are no reactions
between these products and the B203 surface which satisfy the three selection c-iteria. Therefore.
to ensure reversibility, we will assume that adsorption of these products to yield the original
surface complex is the only viable channel, i.e. HOBO adsorbs to yield a >B-OH complex. B202
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adsorbs to yield a >B-BO complex. etc. Rate parameters for these additional adsorption reactions
where expressed in terms of the equilibrium constant Kp and rate constants for the adsorption
reactions in Table 9. The explicit forms for these rates are given in Table 12.

Table 12. First-order Adsorption Rate Parameters for B203(1) Surface

No. Reaction [ k3

-17 B02(g) ---> O>B-O k,--7 fIT7KOi-

5-18 [1B02(g) ---> O>B-OH k,. 8  k_3Kp{H 2 0•RT
Kp(HBo 2 V k 13

S- 19 OBF(g) ---> O>B-F k.k,_9 Kp(HF) / k, 13RTk,-_ 14 Kp(OBF)V k-.I I Kp(H20)

-20 B202(g) ---> O>B-BO k. 6k,I•.ok.- 1 5  KpABF) ,k..3Kp(H2OJT
ks-5k,.6 Kp(HF)hp(B20 2 ) V k•,1 3

20)



5.0 B203(I) GASIFICATION MODEL RESULTS

5.1 Prototypical Example

The species profiles shown in Figure 2 are representative of the gas-phase kinetics

associated more with particulate boron combustion than with boron oxide gasification. In

particulate boron combustion, boron oxides and fluorides are expected in the reacting mixture. In

the present study. the gas-phase kinetics of interest are those between the products of the liquid

oxide surface reactions and the species in the surrounding gas-phase environment. In most

practical applications of boron as a fuel or propellant additive, the initial composition of the gas-

phase environment with which the oxide coated boron particle reacts would be void of boron
compounds. Further. the major surface reaction products are expected to be B203 from
vaporization. HBO2 from the H20 and HF surface reactions, and OBF from the HF surface

reaction.

An example of the homogeneous kinetics in the boundary layer surrounding a gasifying

boron oxide droplet is given in Figure 3. Here, the composition of the initial gas-phase
equilibrium mixture was derived from a JP- 10/air mixture with an oxidizer/fuel ratio of 0.5 in
which 10% HF was substituted for 5% 02 and 5% N2. To this equilibrium mixture, 3% of the

remaining N2 was replaced by 1% of each of the three surface products: B203, HBO2, and OBF.

At 1800 K, gas-phase B203 is converted almost entirely to OBF. In addition, the formation of

small amounts of HBO2 and BF3 are also predicted. A similar interconversion of boron oxides

was reported previously in mixtures without fluorine 1,2 where the equilibrium shift reaction was
governed mainly by the overall reaction B203 + H20 = 2HBO2. Also, note that the time for

formation of OBF and HBO2 requires a few ms while formation of BF3 requires approximately

one second. Thus. the time to achieve equilibrium in mixtures typical of those surrounding a

gasifying droplet can be appreciable.
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Figure 3. Species profiles for an adiabatic, constant pressure (I atm) homogeneous system
with an initial temperature of 1800 K. The initial mixture consisted of X(H) = 1.22x10O-6 ,
X(O) = 3.84x 1-5, X(OH) = 4.85x 0-4, X(H2) = 1.16x 1O- 5 , X(0 2 ) = 5.02x10-2, X(H20) =
6).8()x 1()- 2 . X(H02) = 6.40x1()-7. X(H202) = 1.92x10- 8 , X(CO) = 4.41x10-5 , X(CO2) =

6.82x1()- 2 , X(HF) = l.Oxl10-1, X(N2) = 6.83x10-1, X(B203) = X(HBO02) = X(OBF) =
I .O()x 10"2.

Species profiles for the quasi-steady gasification of a 500 ýtm diameter droplet of liquid

boron oxide are reported in Figure 4. The ambient temperature is 1800 K and the pressure is I
atm. The initial gas-phase mixture composition is the same as that reported in Figure 3 without the
substitution of the 3% N2 for the three surface reaction products. In this calculation, the particle

diameter is fixed in time. and an equivalent amount of mass is mathematically supplied to the
particle as it is consumed. The profiles show that OBF and HBO2 are the dominant species
evolving from the particle surface. B02 and B203 are more than 2 orders of magnitude smaller in
concentration than OBF and HBO2.
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Figure 4. Quasi-steady species imole fraction profiles as a function of normalized position
from the surface. The ambient temperature is 18(0) K and the particle diameter is 5(X) 4im.
The initial mixture consisted of X(H) = 1..22x10-6 , X(O) = 3.84x 1iO- 5, X(OH) = 4.85xl0)4 ,

VX(H,)) = 1. 16x 10-5 , X(02) = 5.02x 10-2, X(H20) = 6.80x 10-2 , XH02) = 6.40xl10-7.X(H202) = l.92x10-8 , X(CO) = 4.41x1(r-5. X(C02) = 6.82xlm 2 , X(HF) = 1.0xO-xIY
X(N2)) = 7.13xl101 .

In comparison, the steady-state species profiles for a 500 4.m diameter liquid boron oxide
droplet in the same gas-phase environment, except with the 10% HIF replaced hy 5% 02 and 5%
N2. is given in Figure 5. The results show HB02 to be the dominant gas-phase boron-containing
species.
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Figure 5. Quasi-steady species mole fraction profiles as a function of normalized position
from the surface for a gas-phase environment without fluorine. The ambient temperature is
1800 K and the diameter is 500 gm. The initial mixture consisted of X(H) = 1.22x 10-6, X(O)
= 3.84x10-5, X(OH) = 4.85x 1(-4. X(H2) = .1.6x10-5 . X(02) = 1.O0xlt- 1, X(H20) =
6.8)x l)- 2 . X(HO2) = 6.4A)x 1"7. X(H202) = 1.92x10- 8 . X(CO) = 4.41x1(0 5 , X(CO2) =

6.82xl -2 , X(N2) = 7.63x1O"1.

Normalized sensitivity ce. :.-.ficients for the gasification rate with respect to surface kinetic
rate constants are reported in Taie, 13. This table presents the sensitivity gradients, ln(K)fln(ai)
where K is the gasification rate and ai is a constant parameter of unity value that is associated with
each of the surface reaction rate constants. The gasification rate is most sensitive to the adsorption
of HF and desorption of O>B-OH. In contrast, the most sensitive reaction in the system without
fluorine is adsorption of H20 followed by desorption O>B-OH (see Table 14). However, as
shown below, the rate controlling steps of the gasification process are extremely dependent on the
size of the droplet. the temperature of the environment, the total amount of reactants in the mixture.
and the fluorine to oxygen ratio of the mixture.
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Table 13. Most Sensitive Surface Reactions for the System of Figure 4
Reaction I Sensitivity Coefficient

B203(1) + HF ---> O>B-F + O>B-OH 0.15
O>B-OH ---> HBO2 2. 14

O>B-F ---> OBF 0.06
>B-F + O>B-OH ---> B203(0) + HF -0.06

203(1) + H20 ---> O>B-OH + O>B-OH 0.05
>B-OH +O>B-OH ---> B203(0) + H20 -0.04

Table 14. Most Sensitive Surface Reactions for the System of Fil!ure 5
Reaction Sensitivitv Coefficient

B203(1) + H20 ---> O>B-OH + O>B-OH 0.27
O>B-OH ---> HBO 20.19
O>B-OH +O>B-OH ---> B203(0) + H20 -0.09

B203(1) + OH ---> O>B-0 + O>B-OH 0.02

The time dependent rate of gasification, in units of surface area per second, for the system
in Figure 4 is shown in Figure 6. In this calculation, the particle radius was not fixed in time, but
allowed to regress as the oxide was gasified from the surface. At 21 sec, the diameter of the
droplet is approximately 100 g.tm. In comparison, the time dependent gasification rate for the
system without fluorine is also shown in Figure 6. The results show the gasification rate to
increase with addition of HF. Without fluorine, the diameter of the droplet equals 100 4.m at
approximately 33 sec. Note that during the first 80% change in diameter, the gasification rate
drops by 30-40'-7(. before decreasing significantly more during the final stages of gasification.
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Figure 6. Gasification rate as a function of time for gas compositions with fluorine (Figure 3)
and without fluorine (Figure 4) with an initial temperature of 1800 K and an initial particle
diameter of 500 urm.
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5.2 Effect of Droplet Diameter

The effect of the droplet diameter on the gasification rate is given in Figure 7. The range of
diameters studied was 2(XX) pIm to 20 4im. The gas-composition. temperature. and pressure of the
surrounding environment was the same as that of Figure 4. Gasification rates for both fixed
diameter droplets and for three regressing diameter droplets are presented. The symbols indicate
the gasification rates for each of the fixed diameter calculations. The solid lines show the ume
dependent trajectories of droplets with initial diameters of 2000, 1000, and 5(X) 4m. fixed
diameter results show the gasification rate to increase rapidly for particle diameters up to
approximately 500 4tm and to be nearly independent of the diameter for droplets with diameters
greater than 1000 lim. Classical theory predicts the gasification rate to be independent of diameter
if the process is diffusion controlled and to be linearly dependent on the diameter if the rate is
kinetically controlled. The present results predict both regimes at the smallest and largest diameters
studied. However, the transition from the kinetically controlled to diffusion controlled rate occurs
over an extremely wide range of diameters.

.0 4 I I I I I

0 50 100 15020

/- -7---Ii- - --

(, ,4-

- - K---_
E .02 "j-.

.01 I

I -
0

0 500 1000 1 500 2000
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Figure 7. Gasification rates of liquid B203 droplets as a function of diameter. The initial
surrounding gas-phase environment consisted of X(H) = 1.22xl0-6, X(O) = 3.84xi1-5
X(OH) = 4.85x 10-4, X(H2) = 1.16x10-5. X(02) = 5.02x 10-2, X(H20) = 6.80xl1- 2 ,
X(HO2) = 6.40x 1-7, X(H202) = 1.92x110- 8 , X(CO) = 4.41x 1-5, X(C02) = 6.82x 10-2,
X(HF) = .(0x10x-1, and X(N2) = 7.13x1(0"1 with an initial temperature of 1800 K and
pressure of one atmosphere. The squares are the steady-state gasification rates obtained when
the diameter is not allowed to regress. The solid lines are the transient gasification rates as a
function of diameter as the droplet is consumed. Data for the transient calculations are
presented for initial diameters of 2000, IO)(W), 500. and 20() lim.
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The regressing surface results also reveal that for initial droplet diameters less than about

5(M) Jim. the time dependent gasification rate closely follows the fixed diameter gasification rates as

the diameter is decreased. However. for droplets with initial diameters greater than 5(W) min. the
rates are predicted to deviate substantially from the fixed diameter predictions. This deviation is
due to the build-up of surface products in a boundary layer surrounding the particle, thus
significantly altering the reactants attacking the surface.

Surface reaction rates for the fixed diameter calculations as a function of diameter are
presented in Figure 8. Desorption of the O>B-OH surface complex is the fastest step at small
diameters while adsorption of HF is the fastest step for large diameter droplets. For small diameter
droplets, the surface reactions are far from equilibrium whereas for large diameters, the surface
reactions are nearly equilibrated.

1 .5 , I I , I

Cl)

E

E

3 .5
0

0 500 1000 1500 2000
d/,um

Figure 8. Surface reaction flux profiles for the steady-state results presented in Figure 7.
The symbols denote the surface reactions as follows: S-I, solid diamond: S-2, solid circle: S-3.
solid square: S-4, inverted solid triangle: S-5. solid triangle: S-7. four pointed star: S-8 live
pointed star: S-9, open pentagon: S-!l, open diamond: S-12. open circle: S- 13, open square:
S-14. inverted open triangle: S-15. open triangle: S-17, four pointed cross "x": S-18, live
pointed cross: S-19. solid pentagon. See Tables 7-10) for definitions of the surface reaction
numbers.
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The most sensiuve surlace reactions, as a lunction of droplet diameter. are reported in
Figure 9. Adsorption of HF is the most sensitive reaction tor all diameters except 20 pm. At 20

prm. adsorption of H20 is most sensitive, but decreases in importance as the diameter is increased.
Interestingly, the effect that H20 adsorption has on the gasification rate changes at a diameter of
about 150 pim (as indicated by a change in sign of the gradient). For diameters less than 150 um.
this reaction tends to increase the gasification rate. whereas for diameters greater than 15( pnm. it
tends to decrease the gasification rate. Desorption of O>B-OH follows a similar trend, enhancing
gasification for diameters smaller than 4MX) pm and inhibiung gasification for diameters greater than
4(X) pm. In contrast, the gasification rate becomes increasingly more sensitive to the desorption of
the O>B-F complex as the diameter is increased.
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Figure 9. Sensitivity gradient profiles, InK/ln(a1 ), of the response of the gasification rate to
variations in the rate parameters of the surface reactions. K is the gasification rate and ai is a
constant parameter of unity value that is associated with each of the surface reaction rate
constants. The calculations are for the steady-state results presented in Figure 7. The symbols
denote the surface reactions as follows: S-I, solid diamond: S-2. solid circle: S-3, solid square:
S-4. inverted solid triangle: S-5. solid triangle: S-7. four pointed star; S-8 live pointed star: S-
9. open pentagon: S- 1l. open diamond: S- 12. open circle: S- 13. open square: S- 14. inverted
open triangle: S-15, open triangle; S-17, four pointed cross 'xY: S-18. live pointed cross: S-
19, solid pentagon. See Tables 7-110 for definitions of the surface reaction numbers.
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5.3 Effect of Gas Phase Temperature

An increase in the environmental temperature results in a change in the composition of the
gas surrounding the droplet. Given the same elemental composition as studied in the previous
examples. the change in equilibrium mixture composition with temperature is shown in Figure 10.
The major stable specizs HF H20. C02, and 02 remain nearly cornstant while the tra~isient
radicals, OH. 0. and H, and the dissociation products CO and H2 increase by 1-2 orders of
magnitude in concentration over the temperature range of 16M( to 2050 K. Thus, a change in
temperature can alter the gasification rate by changing the rate constants and by changing the
speciation of reactants.

, 0 '4 ' ' , , ' 4 , ' ' 'I.' 4'-"-4' •O

rnr ' i ' "r 'i"r .,
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Figure 1(0. Equilibrium mixture composition as a function of temperature. The mixture is
based on the environmental composition of Figure 6.

30



The elfect o1 temperature on the steady-state gasification rate is showkn in Figure II for a 50

pm diamaeter droplet. The calculations were perlormed with a lixed diameter droplet. The

gasification rate is predicted to increase with temperature. The increase in rate resulLs Irom the
increased rate o1 surface reactions, the increased rate o1 vaporization. and the increase in radical
concentrations in the surrounding gas. Below 1950) K. the gasification process is dominated by
surface reactions. Between 195() and 2050 K, vaporization plays a equally impornant role in
g".sifving the liquid boron oxide droplet.
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Figure II. Gasification rates of liquid BF2O03 as a function of temperature. The initial mixture
compositions are presented in Figure lIj All the calculations are for a fixed particle diameter
oIf 50 Pil.
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The rates of the individual surface reactions as a function of temperature are presented in
Figure 12. The desorption of the O>B-OH complex to form HBO2(g, increases the most rapid

with temperature followed by the desorption of the O>B-F complex to form OBF(g). Reaction of
the oxide layer with HF and H20 are the fastest adsorption reactions. How-ever. surface reaction

by OH becomes appreciable above 1 8M() K. The rates of the second order desorption reactions are
predicted to decrease with temperature.
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Figure 12. Surface reaction flux profiles for the steady-state results presented in Figure 1I.
The symbols denote the surface reactions as follows: S-1, solid diamond: S-2, solid circle: S-3.
solid square; S-4. inverted solid triangle: S-5. solid triangle. S-7. four pointed star: S-8 five
pointed star: S-9. open pentagon: S-Il, open diamond: S-12, open circle: S- 13, open square,
S-14. inverted open triangle: S-15. open triangle: S-17, four Pointed cross "x": S-18. five
pointed cross: S-19. solid pentagon. See Tables 7-(10 for definitions of the surface reaction
numbers
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The most sensitive surface reactions on the gasatication process are given in Figure 13.
The rapid increase in sensitivity of desorpuon reactions with decreasing temperature is indicative of
their rate liniting role below 16(X) K for the droplet and mixture composition under consideration
here. Above 1700 K. the rate limiting processes are shown to be adsorption reactions. However,
note that between 1950 and 2(WX) K. an increase in the rate of the three adsorption processes ot
HF. H20. and OH changes from one of acceleration to one of inhibition. This change in behavior

is accompanied by a simultaneous increase in the vaponzation process.
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Figure 13. Sensitivity gradient profiles of the response of the gasification rate to variations in
the rate parameters of the surface reactions. The calculations are for the steady-state results
presented in Figure !1. The symbols denote the surface reactions as follows.: S-1, solid
diamond: S-2. solid circle: S-3. solid square: S-4, inverted solid triangle: S-5. solid triangle: S-
7, four pointed star: S-8 five pointed star: S-9, open pentagon: S-!l1, open diamtond: S-12.
open circle: S-13, open square: S-14, inverted open triangle: S-15. open triangle: S-17. four
pointed cross "x", S-I18. five pointed cross: S-19. solid pentagon. See Tables 7-I10 for
definitions of the surface reaction numbers
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5.4 Effect of Dilution

With N2 as the only nitrogen-containing species in the gas-phase mechanism. the ettect ot

varying the N2 content in the surrounding equilibrium mixture is simply dilution as shown in

Figure 14. A decrease in the N2 content of the mixture results in an increase in the partial

pressures of each of the reactants, which produces an increase in the gasitication rate as shown in

Figure 15. Compared to the pure vaporization rate (1(X)% N2), the gasification rate is increased by

about a factor of 5 when the N2 is totally replaced by the H/O/C/F mixture. As the nitrogen

content of the mixture is decreased from 100%, the rates of the first-order surface reactions are

predicted to increase the fastest (see Figure 16). However. by 30% reduction in the N2 content.

the rates of increase of the second-order surface reactions exceed those of first-order surface

reactions. Sensitivity gradient profiles (Figure 17) show the adsorption of HIF to be the most

sensitive reaction followed by the desorption ot the surface complex O>B-OH or the adsorption of

H20, depending on the N2 content. The rate limiting nature of the adsorption reactions is

predicted to decrease relative to the desorption reactions with an decrease in N2 content.

S° o

B-2
-3-
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0 .2 .4 .6 .8
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Figure 14. Equilibrium mixture composition as a function of N2 content. The mixture is

based on the environmental composition of Figure 6.
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Figure 15. Gasification rates of liquid B203 as a function of N2 content in the mixture. The
initial mixture compositions are presented in Figure 14. All the calculations are for a fixed
diameter droplet of 50 gtm.
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Figure 16. Surface reaction flux profiles for the steady-state results presented in Figure 15.
The symbols denote the surface reactions as follows: S-1, solid diamond: S-2. solid circle, S-3,
solid square: S-4, inverted solid triangle: S-5, solid triangle: S-7, tour pointed star: S-8 five
pointed star: S-9, open pentagon. S-Il1, open diamond, S- 12, open circle-, S- 13, open square:
S-I14, inverted open triangle: S- 15, open triangle-, S- 17, four pointed cross "x": S- 18. five
pointed cross: S- 19, solid pentagon. See Tables 7- 10 for definitions of the surface reaction
numbers
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Figure 17. Sensitivity gradient profiles of the response of the gasification rate to variations in
the rate parameters of the surface reactions. The calculations are for the steady-state results
presented in Figure 15. The symbols denote the surface reactions as follows: S-1, solid
diamond. S-2, solid circle; S-3, solid square; S4, inverted solid triangle: S-5, solid triangle, S-
7, four pointed star; S-8 five pointed star; S-9, open pentagon; S- 1l, open diamond; S-12,
open circle, S-13, open square: S-14, inverted open triangle; S-15, open triangle: S-17. four
pointed cross "x"; S-18, five pointed cross; S-19, solid pentagon. See Tables 7-10 for
definitions of the surface reaction numbers.
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5.5 Effect of Fluorine/Oxygen Mole Ratio

The lJuonne/oxygen (F/O) ratio in the gas-phase environment can be varied in several
manners. In the first two examples presented here, the F/O ratio was varied without holding the
hydrogen content fixed. In Figure i8. the F/O ratio of the gas-phase equilibrium mixture was
varied by fixing separately the nitrogen. carbon, and hydrogen atom balances and the sum of the
oxygen and fluorine atom balance. The mixture composition shows the C02 mole fraction to
remain nearly the same as the F/0 ratio is increased until a ratio of about 1.6. at which point the CO
mole fraction increases rapidly. The H20 and OH mole fractions decrease with increasing F/O and
are essentially eliminated from the mixture at an F/O ratio near 1.4. At the same F/O ratio, a
significant increase in the F-atom mole fraction is observed. The HF mole fraction increases and
the 02 mole fraction decreases with increasing F/0 ratio.
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Figure 18. Equilibrium mixture composition as a function of fluorine/oxygen mole ratio.
The mixture is based on the environmental composition of Figure 6.
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The gasification rates of a 50 Vm diameter droplet with the mixture compositions shown in
Figure 17 and an ambient temperature of 18M() K and pressure of I atm are shown in Figure 19.
The results show that addition of a small amount of fluorine to the mixture (F/O = (. i) increases
the gasification rate by approximately 1617c. Further increasing the F/O ratio to 1.3 increases the
gasification rate by 23%. Interestingly, an increase in the F/O from 1.3 to 2.3 increases the
"gasification rate by 78-7%. The sudden increase in the gasification rate at a F/O ratio of 1.3
corresponds to the mixture where the H20 and OH concentrations are eliminated from the mixture
and the F-atom concentration is significantly increased.
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Figure 19. Gasification rates of liquid B203 as a function of the F/O ratio in the surrounding
mixture. The initial mixture compositions are presented in Figure 18. All the calculations are
for a fixed diameter droplet of 50 4m.
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The fastest and the rate limiting suriace reactions as a function of F/O ratio are given in
Figures 20 and 21. respectively. The reaction flux results show a significant increase in the rate of
F-atom adsorption on the surface at a F/O ratio of 1.3. The sensitivity gradient results show H20
adsorption to be most sensitive for F/O < 0.25, HF adsorption to be most sensitive for ().25 < F/O
< 1.8. and F-atom adsorption to be most sensitive for F/O > 1.8.
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Figure 20. Surface reaction flux profiles for the steady-state results presented in Figure 18.
The symbols denote the surface reactions as follows: S- 1, solid diamond: S-2, solid circle; S-3,
solid square: S-4, inverted solid triangle: S-5, solid triangle; S-7, four pointed star: S-8 five
pointed star; S-9, open pentagon: S-I 1, open diamond: S-12, open circle: S-13, open square:
S-14. inverted open triangle: S-15, open triangle; S-17, four pointed cross "x": S-18, live
pointed cross; S-19, solid pentagon. See Tables 7-10 for definitions of the surface reaction
numbers.
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Figure 21. Sensitivity gradient profiles of the response of the gasification rate to variations in
the rate parameters of the surface reactions. The calculations are for the steady-state results
presented in Figure 18.The symbols denote the surface reactions as follows: S-I, solid
diamond; S-2, solid circle: S-3, solid square: S-4, inverted solid triangle: S-5, solid triangle: S-
7, four pointed star: S-8 live pointed star: S-9, open pentagon; S-I1, open diamond: S-12.
open circle: S- 13. open square: S- 14, inverted open triangle; S- 15, open triangle: S- 17. four
pointed cross 'x": S-18, five pointed cross: S-19. solid pentagon. See Tables 7-10 for
definitions of the surface reaction numbers.
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6.0 SUMMARY AND CONCLUSIONS

In summary, a model has been developed to describe the gasifiLtation ol a liquid boron
oxide droplet in combustion environments having a gas phase speciaton similar to that expected in
the post-combustion environment of advanced fluoroamino/nitroamino based oxidizers. The
model includes the gas phase BIH/OIC/F kinetics formulated in previous work6 and the surface
kinetics used to treat oxide gasification in B/HIO/C environments. 5 The latter model has been
extended to include heterogeneous reactions involving fluorine containing species. A series of
calculations have been performed to characterize the droplets burning rate on its size and the
temperature and composition of the surround gas. The model results suggest that fluorine can have
an important impact promoting oxide gasification.

The addition of fluorine to the gas phase mixture surrounding a gasifying liquid B203
droplet at high temperatures has been predicted to increase the rate of gasification. For the
conditions of the present study, the increase in the gasification rate ranged from 40% to a factor of
3.

For the conditions important to boron particle combustion, gasification of liquid B203 by
surface reactions was predicted to always play an important role. The most sensitive surface
reaction was found to be adsorption of HF except for highly fluorinated mixtures (F/O > 2) where
F atom adsorption was the most sensitive reaction and for mixtures with small quantities of
fluorine (F/O < 0.2) where H20 adsorption became important. Adsorption steps were found to be
rate controlling for all conditions studied except at the lowest temperature (1600 K) where
desorption became the rate limiting process. Thus, the assumptions of considering only reactions
first order in gas pasha reactants was found to be appropriate for this study.

The results also indicate that gasification will be kinetically controlled for particle diameters
relevant to boron combustion. Transition of the gasification rate from a purely kinetically
controlled process to one controlled totally by diffusion was found to occur over a wide range of
diameters. Also, boundary layer effects were found to be significant for an initial particle diameter
greater than 5(X)Vjm. The implications of these results, particularly with regard to their transient
behavior, are important to the interpretation of particle experimental data.

Recently, experimental studies of the interaction between HF and small boron oxide cluster
ions have become available. 24 One interesting result of this data is the suggestion that formation of
an BHOF surface complex may be an important adsorption channel. The significance on this data
is currently being investigated and will be subsequently be incorporated into the model.
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APPENDIX A. GAS PHASE REACTION MECHANISM

Table 15. B/O/H/C/F Reacuon Mechanism
No. Reaction A [ nt Ea.1

G-1 B+F+M=BF+M ().50X) x 111+16 0.0 -1987.0
G-2 BO+F+M=OBF+M 0.364 x 1()+15 0.0 -1987.1
G-3 BF+O+M--OBF+M 0.363 x 10+15 -0.5 30.0
G-4 F+H+M=HF+M 0.221 x 101+23 -2.0() 0.0
G-5 BF+F+M=BF2+M 0.363 x I11+15 -0.5 -5961.0
G-6 B02+F=OBF+O 0. 120 x 10)+15 0.0 0.0
G-7 B202+F=OBF+BO 0.241 x 10+15 1.0 0.0
G-8 B203+F=OBF+BO2 0.241 x 10+15 0.0 0.0
G-9 HBO+F=OBF+H 0.108 x 1(0+15 0.0 0.0

G-10 HBO+F=HF+BO 0.361 x iO 4  0.0 10.01
G-II HBO2+F=HF+BO2 0.361 x 10+14 0.0 993.5
G-12 HB02+F=OBF+OH 01.1(08 x 10)+15 0.0 0.0
G-13 B+HF=H+BF 0.361 x 10+15 0.0 0.0
G-14 BO+HF=OBF+H (0.181 x 10+13 0.0 6955.0
G-15 B02+HF=OBF+OH 0.181 x 10+12 0.0 9935.0
G-16 B202+HF=OBF+HBO 0.313 x 10+10 0.0 9935.(0
G-17 B203+HF=OBF+HBO2 0.602 x IO+9 0.0 11922.0
G-18 HBO+HF=OBF+H2 O.181 x 10+12 0.0 9935.0
G-19 HB02+HF=OBF+H20 0.157 x 10+11 0.0 9935.0
G-20 B02+BF=OBF+BO 0.301 x 10+14 0.0 1987.0
G-21 BO+BF2=OBF+BF 0.602 x 1(i+13  0.0 0.0
G-22 B02+BF2=2OBF ().181 x 10+12 0.0 9935.0
G-23 B+OBF=BO+BF 0.422 x 10+11 0.0 0.0
G-24 BF+O=BO+F 0.843 x 111+14 0.0 0.0
G-25 BF2+O=OBF+F 0.120 x 1(0+15 0.0 0.0
G-26 BF2+H=BF+HF 0.301 x 1(0+14 0.0 0.0
G-27 F+OH=HF+O 0.301 x 10+14 0.0 397.4
G-28 BF+OH=OBF+H 0.120 x 10+14 0.0 0.0
G-29 BF+OH=BO+HF 0.602 x 10+12 0.0 4968.0
G-30 BF2+OH=OBF+HF 0.181 x 10+13 0.0 4968.0
G-31 BF+02=OBF+O 0.108 x 10+14 0.0 14390.0
G-32 F+H2=HF+H 0.163 x IO+15 0.0 1590.0
G-33 F+H20=OH+HF 0.602 x 10+14 0.0 1987.0
G-34 BF2+B=2BF 0.361 x IO+14 0.0 0.0
G-35 BF2+HF=BF3+H ().181 x 10+13 0.0 9935.0
G-36 BF3+B=BF2+BF 0.361 x 10+14 0.0 0.0
G-37 2BF2=BF3+BF 0.602 x 10+12 0.0 0.0
G-38 BF3+BO=BF2+OBF 0.602 x 0+13.0 1987.0
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Table 16. B/O/fH/C Reacuon Mechanism

No. Reaction A n[f Eaf

G-39 B+O2=BO+O 0.717 x 1(14 (1.(1 313.9
G-40) B+O+M=BO+M (). 101l x 116 0.(0 - 1987.0
G-41 BO+O2=BO2+O 0.421 x 113 0.1. -507.0
G-42 BO+O+M=BO2+M 0.109 x 1016 0.(0 -1987.0
G-43 B+BO2=2BO 0.361 x 1o14 0.0 0.0
G-44 BO+BO2+M=B203+M 0.181 x o114 0.0 -1987.0
G-45 2B02=B203+O 0.602 x 1O11 0(.0 9935.0
G-46 B+OH=BO+H 0.602 x 1014 0.0 0.0

G-47 BO+OH=BO2+H 0.241 x 1013 0.0 0.0
G-48 BO+OH+M=HBO2+M 0.363 x 1015 0.0 -1987.0
G-49 BO+H20=HBO2+H 0.602 x 1O11 0.0 9935.0
G-50 BO2+OH=HBO2+O (.181 x 1013 0.0 993.5
G-51 BO2+H+M=HBO2+M 0.181 x 1016 0.0 -1987.0
G-52 B02+H2=HBO2+H o.181 x 1013 0.0 2981.0)
G-53 HBO2+OH=BO2+H20 0.120 x 1013 0.0 1987.0
G-54 B203+H20=2HB02 0.602 x 109  0.0 11922.0
G-55 BO+H+M=HBO+M 0. 109 x 1016 0.0 -1987.0
G-56 BO+H2=HBO+H 0.452 x 102 3.53 3160.0
G-57 BO+OH=HBO+O 0. 164 x 104 2.76 5015.0
G-58 HBO+O=BO2+H 0.482 x 1014 0.0 0.0
G-59 HBO+OH=BO+H20 0.482 x 1014 0.0 0.0
G-60 HBO+OH=HBO2+H 0.482 x 1014 0.0 0.0
G-61 HBO+OH=BO2+H2 0.602 x 104 0.0 69942.0
G-62 HBO+02=BO2+OH 0.602 x 104 0.0 69942.0
G-63 HBO+O+M=HBO2+M 0.363 x 1021 -0.5 50072.0
G-64 2BO+M=B202+M 0.363 x 1014 0.0 -1987.0
G-65 B202+H=BO+HBO 0.602 x 1o13 0.0 0.0G-66 B202+O=BO+BO2 0.361 x 1014 0.0 0.0
G-67 B202+OH=BO+HB02 0.361 x 1014 0.0 0.0

G-68 B202+OH=BO2+HBO 0.602 x 104 0.0 69942.0
G-69 B202+02=2B02 0.602 x 104 0.0 80076.0
G-70 B02+CO=BO+CO2 0.301 x 1014 0.0 1987.0
G-71 B+H20=HBO+H 0.241 x 1015 0.0 2682.0
G-72 B+C02=BO+CO 0.422 x 1011 0.0 0.0
G-73 HBO+BO2=HBO2+BO 0.182 x !O13 0.0 990.0
G-74 BO2+HBO=B203+H 0.182 x 1013 0.0 990.0
G-75 BO+HBO2=B203+H 0.482 x 1013 0.0 0.0
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Table 17. 0/HIC Reacuon Mechanism

"No. Reacuon [ A nff Ea.t

G-76 H+O2=O+OH 0.192 x 1015 0.0 16440.0

G-77 O+H2'=H+OH 0.508 x 1(5 2.67 6292.0

G-78 OH+H2=H+H20 0.216 x 109 1.51 3430.0

G-79 20H=O+H20 0.123 x 105 2.62 -1878.0
G-80 H2+M=2H+M 0.457 x 1020 -1.4 104400.0

G-81 20+id=02+NM 0.617 x 1016 -0.5 0.0
G-82 O+H+M=OH+M 0.472 x 1019 -i.e 0.0
G-83 H+OH+M=H20+M 0.225 x 1)23 -2.0 0.0
G-84 H+O2+M=HO2+M 0.617 x 1020 -1.42 0.0
G-85 H02+H=H2+02 0.663 x 1014 0.0 2126.0
G-86 H02+H=20H 0. 169 x 1015 0.0 874.0

G-87 H02+0=OH+02 0.181 x 10(14 0.0 -397.0
G-88 HO2+OH=H20+O2 0.145 x 1()17 -1.0 0.0

G-89 2HO2=H202+02 0.302 x 10] 3  0.0 1390.0
G-90 H202+M=20H+M 0.120 x 1018 0.0 45500.0
G-91 H202+H=H20+OH 0.1(X) x 1014 0.0 3590.0
G-92 H202+H=H2+HO2 0.482 x 1014 0.0 7948.0

G-93 H202+O=OH+HO2 0.955 x 107 2.0 3970.0
G-94 H202+OH=H20+HO2 0.700 x 101- 0.0 1430.0

G-95 O+O+M=CO2+M 0.251 x 1014  0.0 -4541.0

G-96 O+02--CO2+O 0.253 x 1013 0.0 47690.0

G-97 O+OH=CO2+H 0.150 x 108 1.3 -765.0
G-98 [O+HO2=CO2+OH 0.602 x 1014 0.0 22950.0
G-99 HCO+M=H+CO+M 0.186 x 1018 -1.0 170)0.0
G-100 HCO+O2=CO+HO2 0.758 x 1()13 0.0 410.0
G-I()I HCO+H=CO+H2 0.723 x 1014 0.0 0.0

G-102 HCO+O=CO+OH 0.302 x 1014 0.0 0.0
G-103 HCO+OH=CO+H20 0.302 x 10)14 0.0 0.0
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APPENDIX B. B(s) SURFACE OXIDATION MECHANISM

B- I. Global Reactions

Global reactions for particulate boron surtace oxidation in B/H/O/C/F combustion systems
are listed in Table 18. These reactions were selected using three criteria: (1) reactions first order in
gas phase reactants (2) reactions whose reaction enthalpy is less than 150 Kcal/mol (3) reactions
yielding gas phase products which are consistent with the B/I/O/C/F gas phase oxidation model.
Reactions R I -R 15 are the surface reactions previously used to treat B/H/O/C systems. Reactions
R I6-R20 are the new surface reactions which arise when fluorine is added to the system.

Table 18. Global Reactions B(s) + Z(g) = Products

Reaction AHr(Kcal/mol

Ri B(s) + 0(g) = BO(g) -59.6
R2 B(s) + 02(g) = B02(g) -68.0
R3 B(s) + 02(g) = BO(g) + O(g) 59.6
R4 2B(s) + 02(g) = B202(g) -109.0
R5 2B(s) + 02(g) = 2BO(g) 0.0

R6 B(s) + OH(g) = HBO(g) -56.7
7 B(s) + OH(g) = BO(g) + H(g) 42.8

R8 B(s) + H20(g) = BO(g) + H2(g) 57.8
R9 B(s) + H20(g) = HBO(g) + H(g) .5
RIO B(s) + B02(g) = B202(g) -41.0
R11 B(s) + B02(g) = 2BO(g) 68.0
R12 B(s) + B203(g) = B202(g) + BO(g) 90.8
R13 B(s) + HOBO(g) = BO(g) + HBO(g) 86.6
R14 B(s) + HOBO(g) = B202(g) + H(g) 77.1
R-15 B(s) + C02(g) = BO(g) + CO(g) 67.7
R-16 B(s) + F(g) = BF(g) -46.7
R17 B(s) + HF(g) = BF(g) + H(g) 89.5
g18 B(s) + BF2(g) = BF(g) + BF(g) 85.6

19 B(s) + BF3(g) = BF(g) + BF2(g) 102.7
20 B(c) + OBF(g) = BO(g) + BF(g) 116.3

B-2. Adsorption and Desorption Channels

Surface speciation is listed in Table 20 and first-order adsorption rate paramters are given in
Table 21. The adsorption enthalpies are expresses in terms of the heats of formation given in Table
20 for the surface complexes. First-order desorption channels and rate parameters are listed in
Table 2•2.
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Table 20. B(s) Surface Species - Estimated Heats of Formation

Complex Heat of Formation

(Kcal/mol)

I BO(c) -71.0

2 BH(c) 26.0
3 HBO(c) -45.0
4 BCO(c) -80.0

5 B202(c) -70.0

6 BF(c) -45.0

Table 21. First-order Adsorption Rate Parameters for Boron Surface*

Adsoprtion Reaction AHa Ka so Ea

(KcalImol) (cm/s) (cal/mol)

S-I B(s) + H = BH(c) H2-52.1 3623 ).1 .0
S-2 B(s)+ 0 = BO(c) 1-59.6 09 ).8 0.0
S-3 2B(s) + 02(g) = B202(c) 109.0 43 V.064 1014.0
S-4 2B(s) + 02(g) = BO(c) + BO(g) 1 43 ).0082 .0
S-5 B(s) + 02(g) = BO(c) + O(g) 1+59.6 43 ).001 1000.0

S-6 B(s) + OH(g) = BO(c) + H(g) H1-42.8 882 .02 1000.0
S-7 B(s) + OH(g) = HBO(c) H3-0.3 882 ).02 1000.0
S-8 B(S) + H20(g) = BH(c) + HBO(g) H2-2.2 857 .0062 8000.0
S-9 B(s) + B02(g) = B202(c) H5+68.0 556 ).005 5000.0
S-10 B(s) + B02(g) = BO(c) + BO(g) H1+68.0 )56 ).005 5000.0
S-Il B(s) + B203(g) = B202(g) + BO(g) g0.8 g,36 ).87 ).0
S-12 B(s) + HOBO(g) = HBO(c) + BO(g) H2+134.0 549 ).0025 4000.0
S-i3 B(s) + HOBO(g) = B202(c) + H(g) H5+186.1 549 ).0025 4000.0
S-14 B(s) + C02(g) = BO(c) + CO(g) 1+67.7 548 ).0013 4517.0

S-15 B(s) + CO(g) = BCO(c) 4+26.5 687 ).00015 0.0
S-16 B(s) + BO(g) = B20(c) - BO(c) I reverse of BO(c) desorption

S-17 B(s) + B202(g) = B302(c) - B202(c) 5+109.0 reverse of B202(c) desorption

S-18 B(s) + HBO(g) = HB20(c) a HBO(c) 3+60.0 everse of HBO(c) desorption
S-19 B(s) + F(g) = BF(c) 6 82 ).02 1000.0
S-20 B(s) + HF(g) = BF(c) + H(g) 6+52.1 857 1.0062 10,000.0
S-21 2B(s) + HF(g) = BH(c) + BF(c) 6+H2 857 ).0062 10,000.0
S-22 B(s) + BF2(g) = BF(c) + BF(g) 6-27.7 g00 ).004 3000.0
S-23 B(s) + BF3(g) = BF(c) + BF2(g) 6-141.0 900 ).004 3000.0
S-24 B(s) + OBF(g) = BF(c) + BO(g) 6 49 ).0025 000.0
S-25 B(s) + BF(g) = BF(c) 6 reverse of BF(c) desorption
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* Hi represents the heat of formation for surface species Ci
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Table 22. B(s) Surface - Desorption Rate Parameters*

Complex Desorption Channels AHI A I EI

(Kcal/mol) (ps- H (Kcal/mol)

BH(c) B(s) + H(g) 52. 1-H2 reverse S-I

BO(c) BO(g) -HI .02xT -HI
B(s) + O(g) 59.6-H I reverse S-2

B202 B202(g) - !09.0-H5 O.02xT - 109.0-H5
2B(s) + 02(g) -68.0-H5 reverse S-3

HBO(c) HBO(g) -60.0-H3 O.02xT -60.0-H3
BO(g) + H(g) 52. I-H3 0.02xT 52. 1-H3
B(s) + OH(g) 9.3-H3 reverse S-7

BCO(c) B(s) + CO(g) -26.4-H4 reverse S- 15

BF(c) BF(g) -H6 0.02xT -H6
B(s) + F(g) 18.97-H6 reverse S-19

* Hi represents the heat of formation for surface species Ci
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